EXPERIMENTAL INVESTIGATION OF HEAT TRANSFER IN THREE-PHASE FLUIDIZED BED COOLING COLUMN
Article Highlights • A three-phase fluidized bed was used to study the heat transfer characteristics of the system • The overall heat transfer in this system was compared to the existing literature correlations • The smallest error for the case of heat transfer correlation for fluidized beds was obtained • A new correlation was proposed specifically for the three-phase countercurrent contactor • Hydrodynamic parameters were calculated according to the available literature correlations
Abstract
A three-phase (gas-liquid-solid) fluidized bed was used to study the heat transfer characteristics of a system consisting of low-density (290 kg/m 3 ) spherical particles (2 cm diameter) in a 0.25 m cylindrical column with countercurrent flow of water and air. The experimental investigation and mathematical modeling of heat transfer between the hot air and the cooling water was carried out. The experiments were conducted for a variety of different fluid flow rates and inlet air temperatures, while the air flow rate was kept constant. Based on the obtained experimental results, a new correlation for heat transfer in a three-phase fluidized system was proposed. The mean percentage error between the experimental and the correlated values of the j Hp obtained was 1.69%. The hydrodynamic parameters of the system were also calculated according to the available literature correlations.
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Three-phase fluidized bed systems provide very efficient contact between the present solid, liquid and gaseous phases. They can be applied in various physical, chemical and biochemical processes [1] . Three-phase fluidized bed systems offer considerable advantages over conventional packed-bed columns because they operate at high gas velocities, they have high mass-transfer rates and the mobility of the packing prevents plugging. This makes three-phase systems suitable for handling streams containing par-ticulate matter and precipitates. In addition, there is practically no channeling or bypassing. The high gas and liquid throughputs are made possible by bed expansion by which the flooding is avoided. Some of the disadvantages of three-phase systems include bed pulsations, back mixing in the liquid phase and mechanical erosion of the packing spheres. However, the characteristics of high capacity and high mass transfer and particulate removal rate enabled their successful industrial application. Hydrodynamic properties of three-phase fluidized beds such as bed pressure drop, minimum fluidization velocity, liquid phase holdup, bubble properties, mixing characteristics and bed expansion are very important for analyzing their performance [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
There are several types of three-phase fluidized bed systems [5] . The flow of the liquid and the gase-ous phases in three-phase systems can be cocurrent or countercurrent. In the case of cocurrent flow of the liquid and the gas phase, the particles constituting the fluidized bed are usually of high density and of small particle diameter. In the case of countercurrent flow of the fluid phases, the fluidization phase can be either the gas or the liquid phase. Countercurrent fluidized beds in which the gaseous phase is used as fluidizing agent are characterized by the large spherical particles of low density. These types of contactors are often referred to as turbulent bed contactors (TBC). In this work, a countercurrent system was investigated, in which the gaseous phase (air) flows upwards and is used as a fluidizing medium, while the liquid phase (water) flows downwards and is used as a cooling medium.
O'Neill et al. [3] classified the operating regimes of the three-phase turbulent bed contactors as type I and type II. In type I regime, fluidization begins before flooding in the column, while for type II regime, fluidization begins after flooding in the column. VunjakNovakovic et al. [4] developed a chart that can be used for the determination of the type of operating regime in TBC systems.
Packing density contributes significantly to the operating mode. Generally, the packing density of more than 300 kg/m 3 is characteristic of the type II regime, while the packing density of less than 300 kg/m 3 is characteristic of the type I regime. Increasing the flow rate of the liquid phase and the reduction of the particle diameter of the package also changes the mode from type I to type II. Therefore, unlike packed bed towers, TBC systems may operate in flooding conditions (type II) [5] .
While the hydrodynamic parameters of the TBCs were investigated by many authors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , to our knowledge there are no available models in the literature describing the heat transfer between the liquid and the gaseous phases in these types of contactors. The main aim of this work was the experimental investigation of the heat transfer between the cold water and the hot air in a countercurrent turbulent bed contactor. Based on the experimental findings, a model for the heat transfer coefficient between the liquid and gas phase in TBC was proposed. The hydrodynamic parameters of the system (the minimum fluidization gas velocity, pressure drop through the bed, liquid hold-up, and bed expansion) were calculated using the available literature models best suited for our experimental system [4] . The countercurrent TBC contactor used in this work consisted of a bed of spherical particles and operated in type I regime.
EXPERIMENTAL SET-UP
The experiments were carried out in three-phase system with fluidized bed, which is used for cooling of the hot air, at different air and water flow rates. The experimental setup is shown in Figure 1 . The measured variables included the inlet and the outlet air temperatures (T gi and T ge ) as well as inlet and outlet water temperatures (T Li and T Le ). Experimental measurements were performed at constant inlet air volumetric flowrate (V g ) of 275 m 3 /h (at 20 °C) and constant inlet water temperature (T Li ) of 16 °C. Particle Reynolds number (Re p ) varies from 1795 to 1896 in the experiments because of the change of air velocity (u g ), viscosity (μ) and density (ρ g ) with temperature. A total of 40 experimental points were obtained for different water flowrates and different inlet air temperatures. The parameters of the system and the conditions at which the measurements were made are shown in Table 1 .
Based on the water mass flux as well as on the diameter and density of the spheres the operating regime was determined according to the diagram proposed by Vunjak-Novakovic et al. [4] . It is clear that our experimental system is in the operational mode of type I.
RESULTS AND DISCUSSION

Heat transfer coefficient
The purpose of the TBC used in this work was cooling of the hot air, which was introduced at the bottom of the column. Therefore, the objective was to achieve the gas outlet temperature as low as possible, and to achieve the best possible heat transfer between the cold water and the hot air. The experimental data of the outlet gas temperature as a function of liquid flow rate at constant air flow rate for three inlet air temperatures are shown in Figure 2 . Figure 2 shows that with the increase in water flow rate, the outlet air temperature decreases, i.e. the cooling is improved, as expected.
The main objective of this study was the development of the correlation for heat transfer between the hot gas and the cooling water. If it is assumed that the entire amount of water is evenly distributed on the surface of the light solid spheres, the heat transfer actually occurs between the hot gas and the liquid film around the spheres. The overall heat transfer in this system includes the convective, conductive and the radiative heat transfer.
The radiative heat transfer coefficient is very small in temperature ranges lower than 600 °C [17] , so it was neglected in this work, as the maximum temperatures in our system are in the range of 110 °C.
The conductive heat transfer between the hot air and the liquid film formed around the solid spheres was also neglected since the thickness of the liquid film around the particles was calculated to be between 0.012 and 0.023 mm (Figure 3) . The conduction can be neglected through the hollow plastic sphere, since the air and plastic are substances with small thermal conductivity [18] . Only conduction can occur through the liquid film. The Biot number is defined as the ratio Table 1 was taken as a characteristic dimension. As the calculated values of the Bi numbers were much less than 1 (Bi << 1), it was concluded that there is negligible resistance to the heat transfer through the liquid film.
The liquid film thickness that is formed around the light spheres in the column was determined from Eq. (1) assuming that the entire amount of liquid present in the column is evenly distributed on the surface of the particles [19] :
The obtained liquid film thickness is presented graphically as a function of the water flowrate for three inlet air temperatures: 108.5, 96 and 85 °C (Figure 3) . It can be seen that as the water flowrate increases, the thickness of the film also increases. On the other hand, the inlet air temperatures do not have a significant impact on the film thickness.
According to the above, it was assumed that the overall heat transfer coefficient K is approximately equal to the convective heat transfer coefficient and that all other mechanisms of heat transfer (conduction, radiation) are neglected. Additionally, since the liquid film is very thin, it is appropriate to use the particle diameter for all of the further calculations. The heat transfer between the hot gas and the liquid film around the particles can be described according to the following equation:
where K ≈ h p , and:
The overall heat balance is shown by the following equation:
where G v and G L represent mass flow rates of air and water, C pL and C pG specific heat of air and water, T gi and T ge inlet and outlet air temperature, T Li and T Le inlet and outlet water temperatures.
The amount of exchanged heat per unit time, Q, can also be determined from the total heat balance based on gas or on water. In this work, the balance is calculated on the basis of the gas phase, since the gas flowrate was kept constant:
In the above heat balances (Eqs. (4) and (5)) heat losses were neglected.
According to Eqs. (2), (3) and (5) Nu Pr Re (8) 
Nu Pr Re (9) The results of the comparison of our experimental data with the mentioned correlations are shown in Figure 5 . As can be seen from the is significant and that is why a new correlation based on our experimental data was proposed.
In this work, a correlation for heat transfer coefficient calculation was developed in the form of j Hp :
Re Pr (10) The correlation is a function of gas and liquid flow rate and input and output gas temperatures (Eq. (11) 
Comparison of experimental values of the j Hp and the j Hp values obtained by Eq. (11) is presented in Figure 6 . The mean percentage error between the experimental and the calculated values was 1.69%, which represents a very good agreement.
Hydrodynamic parameters of the system
There are a variety of correlations in the literature for the calculation of basic hydrodynamic characteristics of three-phase fluidized bed contactors: liquid hold-up, pressure drop, minimum fluidization velocity and bed expansion [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the problem is that most of these correlations were derived for the specific test system and the range of the experimental data obtained in it. For the calculation of the hydrodynamic characteristics of our experimental system, Vunjak-Novakovic et al. [4, 6] correlations were chosen, since they were obtained in the systems that are the most similar to our system. The parameters of the system on which the experiments were carried out are given in Table 2 . Table 3 shows the corresponding correlations of VunjakNovakovic et al. [4, 6] .
The hydrodynamic characteristics of threephase fluidized bed contactors: liquid hold-up, pressure drop, minimum fluidization velocity and bed expansion were calculated by Vunjak-Novakovic et al. [4, 6] correlations given in Table 3 . The calculated values of hydrodynamic parameters in our TBC system are given in Table 4 .
CONCLUSIONS
The experimentally investigated three-phase system consisted of a fluidized bed of light hollow spheres, with countercurrent flow of hot air and cooling water. The main objective of the study was the development of a correlation for heat transfer coefficient calculation. It was assumed that the total amount of liquid hold-up was evenly distributed on the surface of the solid spheres and that the heat transfer actually occurred between the hot gas and the liquid film around the spheres. The overall heat transfer in this system was compared to existing literature correlations for heat transfer between a single sphere and the fluid flowing around it, as well as with the correlations for overall heat transfer in packed and fluidized beds. The smallest error for the case of correlation for fluidized beds was obtained.
As the existing literature correlations for heat transfer did not have sufficient accuracy, a new correlation was proposed specifically for the three-phase countercurrent contactor, given in Eq. (11) .
The basic hydrodynamic characteristics of the experimental system were also calculated according to the available literature correlations. The most appropriate correlations proposed by Vunjak-Nova- 
